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ABSTRACT This paper presents the crystal growth and opti-
cal characterization of thulium-doped KLu(WO4)2 (KLuW).
Thulium-doped KLuW macrodefect-free monoclinic single
crystals (a∗× b× c ≈ 10× 7× 15 mm TSa ) were grown by
the top seeded solution growth – slow cooling method with
dopant concentrations of 0.5%, 1%, 3% and 5% atomic in so-
lution. The evolution of unit cell parameters in relation with
thulium doping was studied by X-ray powder patterns. Thulium
energy levels in the KLuW host were determined by 6 K polar-
ized optical absorption. The Judd–Ofelt parameters determined
were Ω2 = 9.01×10
−20 cm2, Ω4 = 1.36×10
−20 cm2 and
Ω6 = 1.43×10
−20 cm2. The maximum emission cross section
for the 1.9 µm emission, calculated by Fu¨chtbauer–Ladenburg
method, is 1.75×10−20 cm2, at 1845 nm with E//Nm. The in-
tensity decay time from the emitting levels 1G4 and
3H4 levels
in relation with the concentration were studied. For the lowest
thulium concentration, the measured decay times from 1G4 and
3H4 emitting levels are 140 µs and 230 µs, respectively.
PACS 42.55.Rz; 78.20.-e; 78.55.-m
1 Introduction
There is increasing interest in finding new solid
state laser systems emitting at around 2µm. At this wave-
length range, there is a line of water absorption in the “eye-
safe” region. This causes a large number of applications of this
emission as surgery and other medical laser applications; re-
mote sensing of the atmosphere (LIDAR devices). Thulium
ion can be efficiently lased at this emission range, and the
thulium electronic transition 3H6 → 3H4 can be pumped by
diode laser.
The monoclinic KRE(WO4)2; RE= Y, Gd and Lu (here-
after KREW) crystals are a promising material for obtaining
a multi-Watt diode laser pumped thulium laser, because in
these hosts, the 3H6 → 3H4 absorption band of thulium is lo-
cated around 800 nm and is broader than in other solid state
laser hosts. These features of thulium spectroscopy in KREW,
mean that they can be pumped by AlGaAs, an existing diode
laser pump for theNd3+ ion.
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The monoclinic KREW compounds are well-known as
solid laser hosts [1]. The feasibility of growing highly doped
ytterbium KLuW material [2] and the excellent results of its
ytterbium laser action [3]; are good enough reasons for grow-
ing Tm:KLuW single crystals and studying thulium spec-
troscopy in KLuW.
Furthermore, Tm laser action has already been success-
fully achieved in KLuW. cw laser oscillation has been ob-
tained in the 1.9µm range with both Ti:sapphire and diode
laser pumping near 800 nm for both polarizations, E//Nm and
E//Np. The maximum output powers were 1.4 and 4W, re-
spectively, and the corresponding slope efficiencies with re-
spect to the absorbed power were 60% and 69%, respectively.
Tuning has also been studied for the two polarizations with
Ti:sapphire pumping ranging from 1800 to 1987 nm. In the
case of no polarization selective cavity elements the diode-
pumped Tm:KLu(WO4)2 laser naturally selected the E//Nm
polarization [4]. 1.9µm laser emission has also been achieved
in these crystals Tm:KGdW [5], and Tm:KYW [6–9]. The
success of the laser operation justifies a deeper study of the
spectroscopy of Tm3+ ions in KLuWhost.
In the present study, we report the growth of macrodefect-
free single crystal Tm:KLuW in the range of 0.5–5% atomic
Tmdoping level in the solution by top seeded solution growth-
slow cooling (TSSG-SC). A detailed study of thulium spec-
troscopy in this host is presented. Polarized optical absorp-
tion (OA) and photoluminescence (PL) at low temperature
(LT) were used to determine the Stark levels of Tm3+ in
KLuW. Polarized OA at room temperature (RT) was meas-
ured to determine the range of pumping and absorption cross-
section. Emission cross section calculations were made using
the Füchtbauer–Ladenburg (F–L) method. Experimental po-
larized emission spectra were performed at RT and LT in
1.9µm range. Radiative lifetimes were calculated using the
Judd–Ofelt (J–O) formalism [10, 11]. PL measurements were
measured in order to characterize the laser emission channels
in this host.
2 Experimental
Tm:KLuW crystals were grown by the TSSG-SC
method usingK2W2O7 as the solvent and the growth method-
ology described elsewhere [12, 13]. The chemical composi-
tion of the single crystals was measured by electron probe
TS
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micro-analysis (EPMA) using a Cameca Camebax SX 50.
For the constitutional elements K, W, Lu and O, the undoped
KLuW single crystal was used as the standard reference. The
Lα line and the REE2 standard (P&H Developments) were
used to measure thulium concentration.
X-ray powder diffraction analysis was performed on
a Siemens D-5000 diffractometer (Bragg–Brentano parafo-
cusing geometry and vertical θ–θ goniometer) to obtain
the unit cell parameters. The X-ray powder diffraction pat-
terns were recorded at 2θ = 10–70◦ (size step = 0.02◦,
and step time = 16 s). The samples were obtained with
a [Tm3+](% solute in moles)= 3, 5, 7.5, 10 and 20 in solution.
The crystals used for structural studies were obtained from
high temperature solutions, with K2W2O7 as the solvent, and
a solution composition of 11.5% mol solute and 88.5% mol
solvent. The crystals nucleated on a 12mm diameter platinum
disc rotating at 40 rpm in the homogeneous solution. The crys-
tals grew because of the supersaturation caused by lowering
the temperature about 10 K from the saturation temperature,
at a cooling rate of about 0.5 Kh−1.
Polarized optical absorption was performed at RT and 6 K
using a Cary Varian 500 spectrophotometer, with a resolution
of 0.025 nm in the UV-VIS region and 0.2 nm in the NIR re-
gion. Oxford Instruments Ltd. cryostat (SU 12 model) with
helium-gas close-cycle flow was used to cool the samples in
the low-temperature experiments. The sample was a paral-
lelepipedic prism with the faces parallel to a principal optical
plane (Ng–Nm plane, Ng–Np plane and Nm–Np plane) so that
polarized measurements could be taken. The location of the
principal optical axis and optic axes in KLuW is described
elsewhere [2].
RT and LT emission spectra were measured at 90◦ to the
pumping direction and were excited at 802 nm and 795 nm
(12469 cm−1 and 12579 cm−1, respectively). For these emis-
sion spectra measurements we used two different set-up:
1) The samples was excited with a narrow linewidth BMI
VEGA 100 optical parametric oscillator pumped by the third
harmonic of a Q-switched BMI SAGA 120 Nd:YAG laser
(pulse duration: 7 ns, repetition rate: 10 Hz). PL was dis-
persed through a HR460 Jobin Yvon-Spex monochromator
(focal length: 460 mm, f/5.3, spectral resolution: 0.05 nm).
The gratings used had 600 grooves/mm blazed at 1µm and
300 grooves/mm grating blazed at 2 µm. The detectors ap-
plied were Hamamatsu: R928 and R5509-72 NIR photomul-
tipliers. They were connected to a Perkin Elmer 7265DSP
lock-in amplifier. 2) For 1.5 and 1.9µm emission experi-
ments, the pumping was a Ti:sapphire laser, Spectra Physics
model 3900. The emission was analyzed with a Spex 340E
spectrometer ( f = 34 cm) and detected with a Ge photodi-
ode, model ADC-403 IR (λ≈ 1.0–1.7µm), and photovoltaic
detector Hamamatsu InSb P5968-060 (λ≈ 1.1–5.5µm) am-
plified by a C4159-01preamplifier, cooled at 77 K both of
them. These were connected to a computer through a lock-in
amplifier EG&GPrincentonApplied Research, model 5209 l.
The experimental set-up for decay time measurements
was the same as the first described for PL experiments, and
time decay curves were recorded using a Tektronix TDS-714
digital oscilloscope.
3 Results and discussion
3.1 Crystal growth
Macrodefect-free thulium doped KLuW single
crystals have been grown by TSSG-SC method. Crystal
growth experiments were carried out in the temperature range
between 1167 and 1180 K and with a solution made up of
a 11.5/88.5 (solute/solvent) molar ratio. To obtain sam-
ples with different thulium concentrations, four different
Tm2O3/(Lu2O3+Tm2O3) ratios of thulium oxide substitu-
tion were set at 0.005, 0.01, 0.03 and 0.05. The precursor
oxides K2CO3 (Fluka, 99.0%), Lu2O3 (Aldrich, 99.9%),
Tm2O3 (Aldrich, 99.9%) and WO3 (Fluka, 99.9%) were
melted in the platinum crucible. The crucible was located in
a vertical furnace in such a way that the axial temperature gra-
dient in the solution was about 0.13 Kmm−1 (hot bottom),
while the radial temperature gradient was about 0.1 Kmm−1
(hot crucible wall).
After the solution had been homogenized, the saturation
temperature was determined with a KLuW b-oriented seed
in contact with the free surface, at the center, of the solu-
tion. Then, the growth process began on KLuW seed, while
the solution temperature was decreased by about 10–20 K at
a rate between 0.2 Kh−1 for 0.5 and 1% Tm, and 0.1 Kh−1
for 3 and 5% Tm. The cooling rate was different because
macrodefects were present in the 3% and 5% Tm crystals
grown at 0.2 Kh−1. The crystal rotation was 40 rpm. The
crystal growth conditions allowed an average growth rate of
0.025–0.040 g/h. After 4–8 or 8–10 days of growth, depend-
ing on the cooling rate, the crystals were slowly removed from
the solution and cooled to RT at 15 Kh−1 to avoid thermal
shocks.
In summary, the dimensions of the crystals grown using
a b-oriented seed were typically 14.1–15.2mm×
9.3–11.1mm× 5.4–7.5mm in the c, a∗ and b directions,
respectively. The photograph in Fig. 1 shows an example
of a grown Tm:KLuW doped crystal. The crystals grown
weighted between 2.8–5 g. Table 1 summarizes the main de-
tails of crystal growth.
The distribution coefficient of the thulium in KLuW was
determined by
KLn3+ =
(moles Tm3+/(moles Tm3++moles Lu3+))crystal
(moles Tm3+/(moles Tm3++molesLu3+))solution
.
(1)
FIGURE 1 Photograph of KLuW doped with thulium single crystal grown
in the b direction and morphological scheme
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A B C D E F G H I J K L
0.13 0.5% Tm b 0.2 20 3.9716 397 none 14.1 11.1 7.47 1174.6
0.13 1% Tm b 0.2 20 3.6277 362 none 14.30 10.11 5.4 1168.8
0.13 3% Tm b 0.1 20 5.6229 281 none 11.32 9.28 7.15 1179.1
0.13 5% Tm b 0.1 20 4.986 249 none 15.2 10.4 7.5 1178.5
A: Temperature gradient in the solution, Kmm−1; B: Tm2O3/(Lu2O3+Tm2O3) ratio in the solution, atom %; C: seed orientation; D: cooling rate, K h−1;
E: cooling interval, K; F: crystal weight, g; G: growth rate (×10−4), g h−1; H: macrodefects; I: crystal dimensions along c direction, mm; J: crystal dimensions
along a∗ direction, mm; K: crystal dimensions along b direction, mm; L: growth temperature, K
TABLE 1 Details of crystal growth of the KLu1−xTmx(WO4)2 single crystals
x K [Tm3+] (cm−3) % weight Stoichiometric formula
0.5% 0.006 1.08 3.51×1019 0.216 KLu0.994Tm0.006(WO4)2
1% 0.012 1.17 7.60×1019 0.281 KLu0.988Tm0.012(WO4)2
3% 0.037 1.23 2.41×1020 0.890 KLu0.963Tm0.037(WO4)2
5% 0.050 1.00 3.25×1020 1.210 KLu0.950Tm0.050(WO4)2
TABLE 2 Summary of the EPMA re-
sults of KLu1−xTmx(WO4)2 single crys-
tals
These measurements provide a distribution coefficient of
Tm3+ (1.00–1.23), roughly to unity. This indicates that it
is possible to obtain homogeneously doped single crystals,
which is desirable in order to improve the laser action pa-
rameters. Table 2 summarizes the EPMA results; we like to
note that the detection limit of Tm ions in KLuW by EPMA
technique is 0.016%weight. This value is lower than our con-
centrations present in this work.
3.2 Unit cell parameters as a function
of thulium doping
KLu(WO4)2 crystals are monoclinic with C2/c
space group. The unit cell parameters for undoped KLuW
are a = 10.576(7)Å, b = 10.214(7)Å, c = 7.487(2)Å and
β = 130.68(4)◦ [2]. Because this material is important as
a host for lanthanide doping, the measurement of the change
in the unit cell parameters is useful for predicting the struc-
tural changes related to the doping and the mismatch for epi-
taxial film growth [14].
The real composition in the crystal was calculated tak-
ing into account the distribution coefficient of thulium in
KLuW in our growth experiments, calculated from the quan-
titative analysis by EPMA. As expected, the structure re-
FIGURE 2 Evolution of unit cell parameters of KLu1−xTmx(WO4)2 with
thulium doping
mains isostructural in all cases (the material KTm(WO4)2 is
also isostructural [15]). In order to obtain the cell parame-
ters, the X-ray powder diffraction patterns were fitted using
the FULLPROF program [16] and the crystalline structure of
KLuW obtained from single crystal diffraction as a structural
model. Figure 2 shows the evolution of the unit cell parame-
ters of KLuW as a function of the thulium doping. The unit
cell parameters a, b and c increase and β remains basically
constant when the Tm concentration increases. This behav-
ior is expected because of the increase in the ionic radius of
Tm (0.994Å) in relation with Lu (0.977Å). The ionic radius
values are taken fromShannon [17] for a coordination number
of 8.
3.3 Thulium absorption inKLuW
Tm3+ has an even number of active electrons, 4 f 12,
and is located in C2 symmetry site (substitution of Lu3+) so
as we demonstrated previously in other rare-earth ions. Opti-
cal absorption (OA) was been measured with light polarized
parallel to the three principal optical axes of the KLuW crys-
tal. As we mentioned above, a parallelepipedic prism-shaped
sample whose faces were parallel to a principal optical plane
(Ng–Nm plane, Ng–Np plane and Nm–Np plane) was used to
make polarized measurements.
The splitting of the different manifolds is in agreement
with its multiplicity, assuming only one center for Tm3+ ion
with C2 symmetry. Figure 3 shows the polarized OA meas-
urements in KLu0.994Tm0.006(WO4)2 at LT (6 K). When the
temperature decrease, extra peaks caused by the thermal pop-
ulation of the various sublevels of the ground state and pos-
sible vibronic (electron–phonon interaction) peaks are elim-
inated. Table 3 shows around 67 energy levels (Stark levels)
of Tm3+ that were determined in the range studied. To our
knowledge, this is the first time that the splitting of Tm3+ in
KLuW has been determined. The Stark splitting of a given
manifold is larger in Tm:KLuW than in Tm:KGdW; so the
strength of the crystal field is largest in KLuW host; this
also means that the splitting in the ground state manifold is
broader, which reduces the thermal population of the upper
sublevels of the ground state in the 2µm laser quasi-four level
laser performance.
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FIGURE 3 Low temperature (6 K) optical absorption of KLuW single crystal doped with thulium recorded with light polarized parallel to the three principal
optical axes
2S+1L J E//Ng,p,m Eexp (cm−1) 2S+1L J E//Ng,p,m Eexp (cm−1) 2S+1L J E//Ng,p,m Eexp (cm−1)
3H6 0 3H5 p(gm) 8389 3F2 gm(p) 15078
135 p(gm) 8441 gm(p) 15081
155 m 8452 gp 15103
224 m 8481 p 15123
247 m 8500 – –
256 gm 8599
279 gm 8612 1G4 gm(p) 21092
329 p(gm) 8654 p(gm) 21121
346 p(gm) 21128
359 3H4 p(gm) 12603 m 21233
513 p(gm) 12606 gm 21353
522 gm 12717 gm 21361
530 gm 12729 p(gm) 21535
m(p) 12744 p 21581
3F4 gm(p) 5663 m 12790 p(gm) 21613
p(gm) 5711 g 12801
p(gm) 5724 p 12883 1D2 p(m) 27743
gm(p) 5768 m 12906 p(m) 27808
gm(p) 5876 m(p) 27987
m(p) 5963 3F3 gm(p) 14493 m(p) 28000
p(gm) 5976 m(p) 14511 p(m) 28050
p(m) 5981 m(p) 14529
p(m) 6002 gm 14561
gm 14564
3H5 gm(p) 8231 gm 14617
p(gm) 8369 m(p) 14625
p(gm) 8379
TABLE 3 Experimental energy levels, Eexp, (in cm−1) and polarization label, E//Ng,p,m , of Tm3+ ions observed in the KLuW single crystal. The energy
values of the Stark levels have been obtained experimentally by optical absorption and for the ground state, by photoluminescence at 6 K
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The polarization character of every peak was determined
by experimental observation. Generally, the spectra recorded
with E//Nm show all the peaks corresponding to the transi-
tion between the first excited sublevel of the ground state and
the sublevels of the excited state; independently of the selec-
tion rule. The peaks were assigned by comparing the intensity
of the Ng and Np polarizations. The label (not in brackets)
in Table 3 indicates the polarization character of every peak;
while the one in brackets indicates that the peak is also present
in the other polarization. Unfortunately, it cannot be assigned
the symmetry to the first sublevel of the ground state. Figure 4
shows the low temperature absorption from the first sublevel
of the ground state to manifolds 3H4 and 3F4. In both cases,
the J of the terminal state of the absorption is 4, so the ex-
pected splitting following the symmetry rule must be 5Γ1+
4Γ2, where Γ1 and Γ2 are irreducible representations (IR). In
the 3H6 → 3F4 absorption, there are 5 peaks in the E//Np ab-
sorption spectra and 4 peaks in E//Nm, which suggests that
the first sublevel of the ground manifold belongs to the IR Γ1.
But we must expect the same behavior in relation with sym-
metry rules the 3H6 → 3H4 absorption transition in Fig. 4; in
this case 4 peaks are present with E//Nm and E//Ng and 5
peaks are present with E//Np. Hence the irreducible represen-
tation symmetry of the first sublevel of the ground state can
not be deduced.
Figure 5a shows the contributions from the thermally pop-
ulated excited levels (135, 224 and 329 cm−1) of the 3H6
multiplet at RT. The absorption maximum at RT with E//Nm,
at 801.8 nm wavelength where it is pumped for the laser ex-
periments [4], belongs to a transition from the second sublevel
of the ground state.
TS
bFigure 6 shows the polarized OA in
KLu0.994Tm0.006(WO4)2 at RT in the 350–1900 nm range.
The absorption cross section, σa, of the 3H4 manifold
of Tm3+ is the highest respect to all the manifolds. For
E//Np polarization, the highest intensity of absorption is at
793.6 nm with a σa = 10.5×10−20 cm2 (bandwidth 1.4 nm).
Meanwhile, for E//Nm polarization at 801.8 nm the σa =
FIGURE 4 Detail in the polarized absorption recorded of the Stark levels
of the 3H4 and 3F4 levels of Tm:KLuW at low temperature. The symbols
?, ◦ and × denote the polarization character for E//Nm , E//Np and E//Ng
respectively, attributed to the observed peaks
FIGURE 5 (a) Thermal evolution of the polarized optical absorption
3H6 →
3H4 transition in Tm:KLuW. Spectra at 6 K (continuous line) and the
spectra at 300 K (dashed line). The additional bands observed at RT arise
from the thermal population of the first excited 3H6 Stark sublevels. (b) 2 µm
PL of Tm:KLuW single crystal at 6 K
5.6×10−20 cm2 (bandwidth 4 nm). These peaks are suit-
able for diode-pumping and their σa are slightly higher than
those of Tm:KGd(WO4)2 (KGdW) [18], Tm:KY(WO4)2
(KYW) [19] and Tm:KYb(WO4)2 (KYbW) [20] and al-
most twice as the high as that the disordered tungstate
Tm:NaGd(WO4)2 (NGdW) [21, 22].
We calculated the J–O parameters of Tm3+ in KLuW
taking into account the biaxial character of the crystal and
we shall compare this with those also performed for Tm3+
in other crystals. The optical absorptions from the ground
state 3H6 to the 7 excited manifolds: 1D2, 1G4, 3F3+ 3F2,
3H4, 3H5 and 3F4 was taken into account. In order to apply
the J–O theory, the 300 K polarized optical absorption spec-
tra of Tm3+ in KLu(WO4)2 ([Tm]crystal = 0.35×1019 cm−3)
have been used. Table 4 shows the integrated absorption cross
sections, ΓJJ ′/[Tm], for E//Ng, E//Nm and E//Np spectra.
These experimental results have been averaged as (E//Ng+
E//Nm+ E//Np)/3 and used to achieve the experimental os-
cillator strengths, fexp, for each excited multiplet as
fexp =
4ε0mc2
e2λ¯2
ΓJJ ′
[Tm]
. (2)
The experimental average oscillator strengths obtained by us
for Tm3+ in KLuW are larger than those reported in a previ-
ous work for KGdW, KYW hosts. The J–O theory has been
described in a large number of works and details of the treat-
ment can be found elsewhere [23]. We shall just mention that
the ED oscillator strengths, fED,exp, can be obtained as
fED,cal = χ
8pi2mc
3hλ¯(2J+1)
SJJ ′ , (3)
SJJ ′ =
∑
k=2,4,6
Ωk|〈4 f
n[L, S]J‖Uk‖4 f n[L ′, S′]J ′〉|2 , (4)
where Ωk are the J–O parameters to be obtained from the
minimization of the fexp− fcal differences. Table 5 includes
theΩk sets obtained for Tm3+ in the KLuW considered here
TS
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FIGURE 6 RT polarized absorption cross-
sections of Tm3+ in KLuW single crystal
E//Ng E//Nm E//Np
λ¯ Γg/[Tm] fED,exp Γm/[Tm] fED,exp Γp/[Tm] fED,exp Γ/[Tm] f¯ED,exp fED,cal
3H6 → (nm) (10−27 cm3) (×108) (10−27 cm3) (×108) (10−27 cm3) (×108) (10−27 cm3) (×108) (×108)
1D2 360 0.56 49.8 3.66 324 3.20 284 2.47 216 294
1G4 472 2.02 101 8.80 447 5.87 300 5.57 282 208
3F2+
3F3 688 6.50 156 32.34 767 19.20 458 19.34 462 510
3H4 795 9.40 170 61.42 1090 39.60 708 36.81 658 710
3H5 1214 19.32 148 89.97 690 43.76 336 51.02 391a 309
3F4 1767 43.87 156 249.54 903 186.32 691 159.91 579 581
a Magnetic dipole (MD) contributions, fMD, were evaluated and discounted as follows (E//Ng 0.69×10−6 , E//Nm 0.67×10−6 , and E//Np 0.65×10−6)
TABLE 4 Average wavelength, λ¯, integrated OA cross section, Γ/[Tm], experimental ED oscillator strength, fED,exp , averaged ED oscillator strength,
f¯ED,exp, and calculated ED oscillator strength, fED,cal, for 2S+1L J , multiplets of Tm3+ ion in KluW using J–O parameters Ωk (10×10−20 cm2):Ω2 = 9.01,
Ω4 = 1.36 and Ω6 = 1.43 and the fit quality obtained with theΩk J–O parameter set is described by rms(∆ f ) (×10−6)= 0.88
Ω2 Ω4 Ω6 Ref.
Host (×1020 cm2) (×1020 cm2) (×1020 cm2)
KLuW 9.01 1.36 1.43 This paper
KYW 10.673 2.481 1.344 [9]
KGdW 2.64 5.84 14 [38]
NGdW 9.48 1.28 1.36 [21]
NGdW 5.012 1.355 4.594 [22]
YAP 0.67 2.30 0.74 [39]
YAG 0.7 1.2 0.5 [40]
LiYF4 2.43 1.08 0.67 [41]
BaYb2F8 1.2 0.94 1.2 [42]
YVO4 9 1.05 2.27 [43]
TABLE 5 Judd–Ofelt parameter (Ωk)
set of Tm3+ in KLuW and in other rele-
vant solid-state laser hosts
and other materials doped with Tm. In this calculation we
have used the 〈‖Uk‖〉 matrix elements provided previously
by Weber et al. [24], refractive index using the Sellmeier
values of KLuW [2] and the accuracy of the J–O parameters
is given by the goodness of the least-squares fitting used, root
mean square value (rms); also indicated in Table 4. Alsomag-
netic dipolar (MD) contributions to the experimental oscilla-
tor strengths was taken into account to calculate the electrical
dipole (ED) contribution, fED,exp. Expressions for these con-
tributions can be found elsewhere [23].
Using the calculatedΩk sets, the radiative rates, A JJ ′ were
obtained as described in the literature [23] and from them
the branching ratios, βJJ ′ = A JJ ′/
∑
J ′ A JJ ′, and the radia-
tive lifetimes, τrad = 1/
∑
J ′ A JJ ′ of the luminescence were
calculated. Table 5 shows a comparison of the Judd–Ofelt
parameters of Tm3+ among several laser solid state hosts
and our laser crystal. The Ωk set corresponding to Tm3+ in
KLuW presents a similar behavior and values in the double
tungstates and molybdates than other matrices compared. Fi-
nally, we summarize in Table 6 the results obtained for Tm3+
inKLu(WO4)2 single crystal from J–O calculations.
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Transition λ AED+ AMD βij τrad
(nm) (s−1) % (µs)
1D2 →
1G4 1493 743 1 13
3F2 777 2730 4
3F3 749 4719 6
3H4 658 24039 32
3H5 510 290 0
3F4 452 22784 30
3H6 363 19597 26
1G4 →
3F2 1623 35 0 86
3F3 1505 130 1
3H4 1176 69 1
3H5 775 2222 19
3F4 648 5290 45
3H6 480 3903 34
3F2 →
3F3 20746 0+0.02 0 200
3H4 4277 54 1
3H5 1484 476 10
3F4 1078 2944 59
3H6 681 1523 30
3F3 →
3H4 5388 2 0 147
3H5 1598 1361 20
3F4 1137 968+153 15
3H6 705 4327 65
3H4 →
3H5 2273 139+23 3 203
3F4 1441 387 8
3H6 811 4376 89
3H5 →
3F4 3937 8 1 1331
3H6 1260 629+114 99
3F4 →
3H6 1853 674 100 1483
TABLE 6 ED and MD transition probabilities, AED and AMD; branching
ratios, βij ; radiative lifetimes, τrad, of Tm3+ in KLuW calculated from the
Ω2 = 9.01, Ω4 = 1.36, Ω6 = 1.43 set
3.4 Emissions spectra study
Figure 7 shows the energy level diagram of Tm3+
ions and observed emissions in KLuW host. We can see
the different excitations used and emissions observed exper-
imentally. Figure 8 shows the room temperature emission
channels of KLu0.963Tm0.037(WO4)2, under infrared pump-
FIGURE 7 Energy diagram of the Stark sublevels of Tm3+ ions in KLuW
single crystal observed at RT. Arrows indicated radiative and non-radiative
processes
FIGURE 8 RT photoluminescence of Tm:KLuW crystals excited at λexc ≈
802 nm. (a) Blue emissions from 1D2 → 3F4 and 1G4 → 3H6 transitions.
(b) Red emissions from 1G4 → 3F4 and 3F2+ 3F3 → 3H6 transitions.
(c,d) Infrared laser channels of Tm3+ corresponding to 3H4 → 3F4 (1.4 µm)
and 3F4 → 3H6 (1.9 µm)
ing at 802 nm. Six emission channels are present includ-
ing the emission at 1.9µm, in the infrared range: 3H4 →
3F4 (E ∼= 7143–6667 cm−1 TSc , λ ∼= 1.41–1.5µm TSd ) and
3F4 →
3H6 (E ∼= 6060–5000 cm−1 TSe , λ ∼= 1.65–2µm). In
the visible range, the up-conversion emission channels also
appears: the 1D2 → 3F4 transition (E ∼= 22222–21622 cm−1,
λ ∼= 450–462.5 nm) and the 1G4 → 3H6 transition (E ∼=
21277–20408 cm−1, λ = 470–490 nm), 1G4 → 3F4 transi-
tion (E ∼= 15400–15151 cm−1, λ= 640–660 nm), and, 3F3+
3F2 →
3H6 transition (E ∼= 14493–13889 cm−1, λ = 690–
720 nm). Unfortunately, we were not recording the ultravio-
let emissions of Tm ions because the transparency range is
limited to the edge of absorption ofKLuW (λ= 365 nm) [25].
Figure 8d shows the RT polarized photoluminescence at
1.9µmwhen pumping at 12466 cm−1 (802.1 nm) with E//Np
or 12472 cm−1 (801.8 nm) with E//Nm), at maximum ab-
sorption at 300 K. The emitting level 3F4 population can be
obtained by non radiative relaxation; and also by four cross
relaxation processes (CR): CR1 ( 3H4, 3H6)→ ( 3F4, 3F4);
CR2 ( 3H4, 3H6) → ( 3H5, 3F4) and CR3 ( 3H4, 3H6) →
( 3F4,
3H5) and CR4 ( 1G4, 3H6)→ ( 3F2+ 3F3, 3F4) [26],
within the thulium energy levels. It is well-known that the
CR1, CR2 and CR3 provide a quantum efficiency value of 2
in this population mechanism. The maximum power of the
laser pumping byTi:sapphire is at λL = 1948 nmwith E//Nm,
which corresponds to the third peak in the experimental spec-
tra for E//Nm. The broad spectra lead to a wide range of
laser tuning; as reported [4]. The tuning curves were 110 nm
(E//Nm) and 128 nm (E//Np). The tuning range was simi-
lar in Tm:Yb:KYW [27]. For other well-known hosts such as
YLF, a tuning range of 162 nm is possible in the cwmode [28]
and NGdWwith 212 nm tuning range [21].
Low temperature (6 K) emission spectra were also re-
corded in this range (see also Fig. 5b). It is worth mention-
TS
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ing that at low temperatures the pumping was at 801.9 nm for
E//Nm and 793.5 nm for E//Np. The energy sublevels of the
ground state are also shown in Table 3. At 300 K, the thermal
population in the upper Stark sublevel of the ground state will
be 1.94%. The emission was recorded in a polarized way. As
can be seen in the figure, the emissionwas the same in both po-
larizations; the resolution of the experimentwas not enough to
separate the different polarization contributions and identify
the polarization character of the emission peaks.
The emission cross sections, σe, determined using the
reciprocity method (RM) of the thulium-doped KLuW are
σe = 3.71×10
−20 cm2 at 1841 nm for E//Nm and σe =
1.58×10−20 cm2 at 1820 nm for E//Np [4]. The Füchtbauer–
Ladenburg (F–L) equation [29] also makes it possible to
calculate of the σe using the form
σe(λ)=
λ5
8pin2cτrad f j
( ∫
λI(λ)dλ
) I(λ) , (5)
where n is the refractive index, τ is the measured fluores-
cence lifetime, fj is the fraction of the pumped population
in the excited state j given by Boltzmann distribution and
I is the measured spectral fluorescent intensity. Using the
experimental emission spectra of transition 3F4 → 3H6, the
refractive index calculated for each wavelength by Sellmeier
equation [2], and the radiative lifetime in bulk sample from
J–O and for this radiative transition f j is equal to 1, we ob-
tained Fig. 9; which compares the σe calculated by F–L with
the σe calculated by RM. The Ng polarization was not taken
into account because its absorption was weak, so we assumed
that its contribution to this emission could be omitted. From
Fig. 9, we can deduce that the effect of reabsorption on the
FIGURE 9 Polarized emission cross-section, σe, of Tm:KLuW at 300 K by
F–L and reciprocity method
experimental emission at 1.9µm is still very important, and
more so in the Nm emission. The emission cross section calcu-
lated by RM does not take this effect into account, but F–L, as
it is based on the experimental emission, does. Furthermore,
the effect is more pronounced in the E//Nmpolarization up
to about 1850 nm and less important in the Np polarization.
The radiative lifetime calculated by J–O can also be corrobo-
rated bymatching the calculated andmeasured emission cross
sections and solving for τrad in the Füchtbauer–Ladenburg
equation [30, 31]. In this way an average calculated radia-
tive lifetime of around 1.05ms is obtained. This value agrees
rather well with the experimental radiative lifetime measured
by the pinhole method [4] and we obtain a quantum efficiency
of luminescence to η = 61%. The pinhole method measure-
ment of lifetime eliminates the reabsorption contributions to
the decay time.
3.5 Decay time measurements
The fluorescence dynamics of the 1G4 and 3H4
emitting levels was investigated as a function of the Tm3+
concentration ranging from 0.5 at.% to 5 at.% at room tem-
perature with excitation into the 3H4 level, λexc = 802 nm.
It was observed the experimental decay from the emitting
1G4 energy level in the radiative transition the 1G4 → 3H6
transition at 476 nm. The emission of the 1G4 after the ex-
citation into 3H4, could be due to two different processes:
nonradiative energy transfer process between two thulium
ions connecting these two levels and a two step absorption by
a single thulium ion, through a quasi-resonant excited state
absorption from 3H4 level to the 1G4 level. The 1G4 nonradia-
tive energy transfer population mechanism has been reported
for some other crystals [32]. We have observed no rise time
and in relation with thulium concentration, in all the cases the
decay is single exponential. As the 3H4 lifetime is longer than
the 1G4 lifetime, the observed decay time is related with 3H4
manifold. The decay time is 140µs at the lowest thulium con-
centration and decreases to 10µs at the highest. The values of
the decays reported in Table 7, which are about half lifetime
of the 3H4 state suggest that the 1G4 level is populated by an
energy transfer up-conversion (ETU) process involving two
Tm3+ ions in the 3H4 level ( 3H4, 3H4)→ ( 1G4, 3H6).
The experimental decay curves for the 3H4 energy level
was studied measuring the 3H4 → 3H6 and 3H4 → 3F4 tran-
sitions at 802 nm with λexc = 688 nm (shown in Fig. 10) and
1.48µm with λexc = 802 nm (summarized in Table 7). The
non exponential character of the decays corresponding to high
concentration can be described by the model developed by
Inokuti and Hirayama [33]. This model assumes nonradiative
energy transfer from an excited Tm3+ donor to the surround-
ing Tm3+ ions in the ground state continuously distributed.
The time dependence of the light intensity decay follows the
law
I(t)= I(0) exp
[
−t
τ0
−Γ
(
1−
3
s
)
N
c0
(
t
τ0
)3/s]
, (6)
where τ0 is the intrinsic lifetime of the donor in the ab-
sence of acceptors, c0 = 3/4piR3C is a critical concentration
related to the distance RC at which the donor-trap energy
transfer rate equals the spontaneous decay rate and Γ(x) is
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λe = 476 nm λe = 1.48 µm
[Tm3+] Decay time (µs) τ 3H4 (µs) WE (10−3 µs) η
0.5% 140 230 – 1.13
1% 130 160 1.32 0.79
3% 30 70 9.36 0.35
5% 10 20 45.07 0.10
TABLE 7 Decay times from the emitting 1G4 and 3H4 levels of Tm3+ in
KLuW single crystals at different concentrations [Tm3+] with λexc = 802 nm
FIGURE 10 Light intensity decays of the 3H4 photoluminescence of Tm3+
in KLu(WO4)2 for different thulium concentrations. λexc = 688 nm, λe =
802 nm. Results obtained for relatively lower doping concentration of Tm3+
in KLu(WO4)2 (0.5%, 1%, 3% and 5%). The lowest concentration have
been fitted a single exponential which provides a value of lifetime to 230 µs.
However, the fits for 1%, 3%, and 5% Tm doping was obtained using the
Inokuti–Hirayama model with s = 6. (points are experimental results and
solid lines show the fits)
the gamma function evaluated in x. The parameter s = 6, 8
or 10 correspond for transfer mechanism of electric dipole–
dipole, dipole–quadropule or quadrupole–quadrupole charac-
ter respectively.
The decay pattern for the lower concentration can be de-
scribed as a single exponential, so the value obtained for 0.5%
Tm doped sample is τ0 = 230µs. The character of the trans-
fermechanism can be deduced by plotting ln[I(t)/I(0)]+ t/τ0
versus t3/s and using the τ0 value obtained for 0.5%Tm doped
sample. The decays of 1%–5% Tm-doped samples fit linearly
when s = 6. Therefore, an electric dipole–dipole non radiative
energy transfer is taken place. Figure 10 also shows the fit of
the RT experimental decays of level 3H4 using (6) with s = 6
and the corresponding thulium concentration. A good fit is ob-
tained for 3% and 5% Tm doped but shows some deviation at
the decay tail. This deviation is likely due to a minor contribu-
tion of electric dipole–quadrupole. The fits provide the critical
distance, RC, for each concentration.
Table 8 summarizes the distances obtained. These critical
distances can be comparedwith the averageTm–Tmdistances
r¯ = (4piN/3)−1/3 for each sample. It is clear that the average
Tm–Tm distance in the lowest doped samples is too large in
comparison to the critical distance where the cross relaxation
phenomena take place, namely ≈ 1.3 nm, therefore energy
transfer does not occur and the decays can be expected to
be a single exponential as it is indeed found. The average
Tm–Tm distance decreases with increasing Tm concentration
and it falls into the range where cross relaxation phenom-
[Tm3+] N×1020 (cm−3) r¯ (nm) RC (nm)
0.5% 0.351 1.90 –
1% 0.760 1.47 1.05
3% 2.41 0.99 1.2
5% 3.25 0.90 1.3
TABLE 8 Average Tm–Tm distance, r¯, for increasing Tm concentration,
[Tm3+], and critical distance of the cross relaxation phenomena, RC
ena become activated, therefore the 3H4 decays become non
exponential.
Therefore, at higher thulium concentrations the quench-
ing phenomenon takes place because the Tm–Tm distances
decrease and this favors the cross-relaxation mechan-
isms [34–36]. Table 7 summarizes the decay time studied,
the luminescence quantum efficiency η (η = τ/τrad) and the
cross relaxation rates WE , by WE = 1/τ−1/τrad (assuming
multiphonon decay did not act as a depopulation mechan-
ism) [37]. As mentioned above, the luminescence quantum
efficiency decreases as a function of thulium concentration,
and consequently WE increases. Finally, we can deduce that
the most relevant losses to reach laser action in 1.5µm and
1.9µm would be the transfer energy between Tm ions (see
Fig. 10) and cross relaxation processes, which start to appear
at thulium concentration higher or equal to 1%, and blue up-
conversion processes pumped at 802 nm where the spectral
region overlap AlGaAs diode laser emission. In spite of these
losses, 1.9µm laser emission of Tm ions has been demon-
strated with a relatively high optical to optical efficiency [4].
4 Conclusion
In conclusion, we have grown macrodefect-free
thulium doped KLu(WO4)2 single crystals up to 5 at.%,
where thulium ions substitute lutetium ions. The distribution
coefficient of thulium, around 1, in the growth conditions de-
scribed assures an high homogeneity of active ions inside the
crystal. The increase of thulium doping gives an increase in
the unit cell parameters.
A total of 67 energy stark levels of thulium were deter-
mined by low temperature (6 K) polarized absorption and
emission measurements. RT absorption measurements were
made, and lead at E//Np polarization to an absorption cross
section value of 10.5×10−20 cm2 (bandwidth 1.4 nm) at
793.5 nm. Meanwhile for E//Nm polarization at 801.8 nm the
absorption cross section is 5.6×10−20 cm2 (bandwidth 4 nm).
From emission spectra experiments showed that these materi-
als also have interesting laser channels in the blue and 1.5µm
ranges. More detailed fluorescence spectra were performed
in the 1.9µm range. A broadband at RT gives the tunabil-
ity of the material. The radiative lifetimes of the 1G4, 3H4
and 3F4 states were determined by J–O formalism. Finally
the intensity decay time from the emitting 1G4 and 3H4 lev-
els in relationwith the concentrationwere determined, and the
Tm–Tm interaction was observed to increase as the concen-
tration increased.
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